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epidermal growth factor receptor; gene transcription; heparin-binding epidermal growth factor-like growth factor COLON CANCER, A COMMON and frequently lethal disease, progresses in a multistep process that involves tumor initiation and promotion. Therapeutic strategies directed at interfering with tumor promotion are of particular interest, because this is generally a reversible, long-term process (13) . Hence, there is great interest in identifying key colon cancer growth factors and their receptors. Increasing evidence indicates that muscarinic receptors and ligands play key roles in intestinal neoplasia (8, 9, 14, 15, 17, 27) . The muscarinic cholinergic family of G proteincoupled receptors (GPCRs) consists of five muscarinic receptor subtypes designated M 1 R, M 2 R, M 3 R, M 4 R, and M 5 R (for reviews see Refs. 34 and 35) . Using RT-PCR with primers specific for muscarinic receptor subtypes, Frucht and colleagues (14, 15) reported that 60% of colon cancer cell lines tested express M 3 R. Follow-up studies revealed that normal colon epithelial cells uniformly express M 3 R, and in 62% of colon cancers, M 3 R expression was increased up to eightfold compared with adjacent normal colon epithelium (37) .
Work from our laboratory extended these observations by showing that cholinergic ligand-induced proliferation of H508 human colon cancer cells, which express high levels of M 3 R (ϳ2,500 binding sites per cell) (15) , is mediated by cross talk between M 3 R and epidermal growth factor (EGF) receptors (EGFRs) (10) and that genetic ablation of M 3 R attenuates murine colon epithelial cell proliferation and neoplasia (27) . EGFRs are commonly overexpressed in epithelial malignancies, and this feature frequently indicates a more aggressive phenotype (29) . In particular, as observed with M 3 R, EGFR is frequently overexpressed in colon cancer: 25-77% of tumors overexpress EGFR compared with adjacent normal mucosa (22, 29) . Coexpression of M 3 R and EGFR in many colon cancer cell lines and overexpression of these receptors in the majority of colon cancers suggest that the functional interaction we identified between M 3 R and EGFR is important for regulating colon cancer cell proliferation (10) .
Interaction of cells with extracellular matrix components is essential for many physiological processes, including development, growth, and tissue repair. Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that play a key role in modulating cell-matrix interactions. Human MMPs, a family including Ն25 members, are expressed as secreted or membrane-bound proenzymes that are activated by proteolytic cleavage (4, 40) . Besides degrading extracellular matrix substrates, MMPs may regulate "shedding" of cell surface growth factors, a process whereby MMP-catalyzed proteolysis releases extracellular domains of transmembrane signaling molecules. For example, by catalyzing release of EGFR ligands, MMP7 activation may be a critical component of cross talk between GPCRs and EGFR (25) . On the basis of these observations, we hypothesized that MMP activation in H508 colon cancer cells mediates ACh-induced activation of EGFR and, in particular, that MMP7 plays a key role in this process.
The primary objective of the present study was to elucidate molecular mechanisms underlying ACh-induced activation of EGFR. We sought to determine whether MMPs, specifically MMP7, play a role in releasing an EGFR ligand. We used human H508 colon cancer cells, which coexpress M 3 R and EGFR (10) . SNU-C4 human colon cancer cells, which express EGFR but not muscarinic receptors (15) , were used as control. Our findings demonstrate that ACh-induced cell proliferation requires activation of MMP7 and release of heparin-binding EGF-like growth factor (HBEGF), an EGFR ligand. Moreover, ACh stimulated a striking induction of MMP7 gene transcription that was also mediated by activation of M 3 R and EGFR and by post-EGFR ERK signaling. In a systematic analysis of MMP gene transcription, we identified additional robust AChinduced, EGFR/ERK-dependent transcriptional activation of MMP1 and MMP10.
MATERIALS AND METHODS
Materials. ACh, atropine, and CRM197 were purchased from Sigma; PD168393, AG1478, PD98059, U0126, LY294002, SN50, and GM6001 from Calbiochem; anti-HBEGF antibody from Santa Cruz Biotechnology; anti-EGFR antibody from UBI; recombinant human MMP7, MMP10, amphiregulin (AR), anti-MMP7 neutralizing antibody, anti-AR neutralizing antibody, and Quantikine MMP7 immunoassay kit from R & D Systems; CellTiter 96 AQ ueous One solution cell proliferation assay [3-(4,5-dimethylthiazol)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium (MTS)] kit from Promega; and RPMI growth medium from GIBCO BRL. All other chemicals were obtained from Sigma or Fisher.
Cell culture. H508 human colon cancer cells (American Type Culture Collection) were grown in RPMI 1640 growth medium supplemented with 10% fetal bovine serum (Biowhittaker). SNU-C4 human colon cancer cells are maintained in our laboratory in RPMI 1640 with 10% FBS (10) . Adherent cells were passaged weekly at subconfluence after trypsinization. Cultures were maintained in incubators at 37°C in an atmosphere of 5% CO 2-95% air.
Cell proliferation. Cells were seeded in 96-well plates (Corning Glass Works, Corning, NY) at ϳ10% confluence and allowed to attach for 24 h. After 24 h of serum starvation, 200 l of fresh serum-free growth medium containing test agents were added. When chemical inhibitors and antibodies were used, they were added 30 min and 2 h, respectively, before test agents. Cells were incubated for 5 days at 37°C in an atmosphere of 5% CO 2-95% air without further additions of test agents. After the 5-day incubation, cell proliferation was determined by addition of 20 l of CellTiter 96 AQueous One solution (Promega) to each well. After 1-2 h of incubation at 37°C, absorbance was measured at 490 nm using a 96-well microtiter plate reader (SpectraMax384).
Soft agar colony assay. Soft agar assays were performed using the CytoSelect 96-well Cell Transformation Assay kit (Cell Biolabs) according to the manufacturer's instruction. Briefly, 2.5 ϫ 10 4 H508 cells were grown in RPMI 1640 with 10% FBS in each well of a 96-well plate. When chemical inhibitors and antibodies were used, they were added 1 h before test agents. After 7-day incubations, colonies were solubilized, transferred, and stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution. Absorbance was measured at 570 nm using a 96-well microtiter plate reader (SpectraMax384).
Conditioned media experiments. H508 cells were seeded in T75 flasks at 50% confluence (ϳ2 ϫ 10 6 cells) in RPMI 1640 medium containing 10% FBS and allowed to attach for 24 h. After 24 h of serum starvation, cells were washed once with serum-free medium. Cells were incubated with 10 ml of fresh RPMI 1640 medium for 10 min. Cell media at this point were used as untreated H508 media. ACh was added to cells for an additional 10 min. Supernatants were centrifuged at 500 rpm for 5 min and used as "conditioned media." SNU-C4 cells were seeded in 96-well plates at ϳ10% confluence in 200 l of RPMI 1640 medium containing 10% FBS and allowed to attach for 24 h. After 24 h of serum starvation, 200 l of fresh serum-free growth medium containing test agents was added. Cells were incubated for 5 days at 37°C in an atmosphere of 5% CO 2-95% air without further addition of test agents. After the 5-day incubation, SNU-C4 cell proliferation was determined using the assay described above.
Quantitative real-time PCR. Cells were subcultured in six-well plates at 10 6 cells per well. After 24 h of incubation at 37°C, cells were serum starved overnight in RPMI 1640 medium and washed once with RPMI 1640 medium before addition of test agents. Total cellular RNA was isolated from cells using TRIzol reagent (Invitrogen). First-strand cDNAs were synthesized using the Superscript III First Strand Synthesis System for RT-PCR (Invitrogen). Primers for RT-PCR were designed using the National Center for Biotechnology Information nucleotide database, SIM-4 gene alignment program, and online software (www.genscript.com/ssl-bin/app/primer). Quantitative real-time PCR (Q-PCR) was performed using the 7900HT Fast System (ABI) with Power SYBR Green Master Mix (ABI) and 20 ng of primer, and cDNA was synthesized from 50 ng of total RNA. PCR conditions included 5 min at 95°C followed by 35 mRNA stability. H508 cells were pretreated with actinomycin D (1 g/ml final concentration) for 1 h before addition of ACh (100 M). Total RNA was then extracted at 0 -24 h, and MMP7 mRNA levels were measured by Q-PCR. Data are presented as values from cells treated with ACh relative to cells treated with water after normalization to a GAPDH control.
MMP7 ELISA. H508 cells were seeded at 10 6 cells per 2 ml of medium per well in six-well plates. After serum starvation for 24 h, 100 M ACh was added. At desired times, supernatants were collected and centrifuged at 500 rpm for 5 min. MMP7 was measured using the Quantikine System (R & D Systems) according to the manufacturer's instructions. Briefly, cell extracts and supernatants were diluted twofold in Calibrator Diluent RD6-28, and 50 l were added directly to coated ELISA plates in duplicate. After 2 h of incubation at room temperature, wells were washed three times, MMP7 antibody conjugates were added for 2 h, wells were washed again three times, MMP substrate was added, and color was developed. Optical density was measured at 450 nm, with wavelength correction set at 540 nm.
Statistical analysis. Values are means Ϯ SE of at least three independent experiments. Statistical calculations were performed using Student's unpaired t-test (SigmaPlot, Systat Software, San Jose, CA). P Ͻ 0.05 was considered significant.
RESULTS

ACh induces dose-dependent proliferation of human colon cancer cells.
Previously, we showed that ACh induces proliferation of H508 human cancer cells that coexpress M 3 R and EGFR (10) . To select appropriate ACh concentrations for the experiments that follow, we examined the dose-response curve for ACh-induced H508 cell proliferation. As shown in Fig. 1A , ACh-induced proliferation of H508 cells was detectable with 100 M ACh and maximal with 300 M ACh; a 1.7-fold increase in proliferation was observed after 5 days of incubation, a duration selected on the basis of previous work (10) . At the concentrations shown, cholinergic agonists, including ACh, do not induce apoptosis (5, 10) . From the dose-response data in Fig. 1A , to measure changes in cell proliferation, we selected 300 M ACh as our test dose.
ACh-induced proliferation of H508 cells is mediated by MMP7-catalyzed release of HBEGF.
Conjugated secondary bile acids induce proliferation of colon cancer cells by a mechanism involving MMP7-catalyzed release of an EGFR ligand, HBEGF (9) . Because bile acids interact functionally with muscarinic receptors and induce transactivation of EGFR (7, 9, 26) , we hypothesized that the actions of ACh were mediated by a similar mechanism. To determine the role of HBEGF and MMPs in mediating ACh-induced proliferation of H508 cells, we examined the actions of HBEGF release inhibitors, neutralizing antibodies to HBEGF, and GM6001, a nonselective MMP inhibitor. As shown in Fig. 1B , at concentrations that did not significantly alter basal cell proliferation, CRM197, a nontoxic mutant form of diphtheria toxin that prevents HBEGF release, an anti-HBEGF antibody, and GM6001 attenuated the proliferative actions of ACh to basal or near-basal levels (P Ͻ 0.05). An inert control chemical for GM6001, designated NC GM6001, did not alter ACh-induced cell proliferation (not shown). These data were consistent with the conclusion that MMP-catalyzed HBEGF release and binding to EGFR mediated ACh-induced transactivation of EGFR and downstream stimulation of H508 cell proliferation. To confirm the role of MMP7 in ACh-induced cell proliferation, we examined the actions of recombinant MMP7 (rMMP7) and neutralizing anti-MMP7 antibody (Fig. 1C) . The efficacy for stimulating H508 cell proliferation was the same for the maximal concentration of rMMP7 (0.1 g/ml) and 300 M ACh. Anti-MMP7 antibody effectively blocked ACh-and rMMP7-induced cell proliferation (P Ͻ 0.05). As anticipated, control experiments showed that anti-MMP7 antibody did not alter proliferation induced by HBEGF (Fig. 1C) or EGF (Fig.  1D) ; both EGFR ligands activate EGFR directly, independent of MMP7 activation. These results provide compelling evidence that, as observed with bile acids (9), ACh-induced transactivation of EGFR and stimulation of H508 cell proliferation are mediated by MMP7 activation and HBEGF release.
Effect of conditioned media from H508 cells on proliferation of SNU-C4 colon cancer cells. SNU-C4 human colon cancer cells express EGFR but not muscarinic receptors (15) . As shown in Fig. 2A , 300 M ACh did not stimulate SNU-C4 cell proliferation. We hypothesized that, after treatment of H508 cells with ACh, HBEGF released into the cell medium would stimulate SNU-C4 cell proliferation; that is, HBEGF in supernatant from H508 cells should activate EGFR on SNU-C4 cells. As predicted, 5 days of incubation with "conditioned media" from H508 cells stimulated a 2.3-fold increase in SNU-C4 cell proliferation (P Ͻ 0.05; Fig. 2A ). This proliferative effect was attenuated by neutralizing antibodies against HBEGF and EGFR and by the EGFR inhibitor AG1478, but not by anti-MMP7 antibody ( Fig. 2A) . To mitigate the effects of any other possible growth factors that may be present in H508 medium, we used media from untreated H508 cells as a negative control and as a vehicle for HBEGF administration. As shown in Fig. 2B , positive control experiments showed that addition of HBEGF in media from untreated H508 cells stimulated proliferation of SNU-C4 cells, an effect that was attenuated by anti-HBEGF and anti-EGFR antibody, by the EGFR inhibitor AG1478, but not by anti-MMP7 antibody. Thus addition of HBEGF in untreated H508 media mimicked the results of addition of conditioned media from ACh-treated H508 cells. Collectively, these findings provide strong evidence that conditioned media from ACh-treated H508 cells contain released HBEGF, thereby inducing proliferation of SNU-C4 cells.
H508 cells express multiple EGFR ligands. To determine whether H508 cells express EGFR ligands other than HBEGF, we performed Q-PCR using primers shown in Table 1 . Of seven known EGFR ligands, we detected abundant mRNA for transforming growth factor-␣, HBEGF, and AR (Fig. 3A) . The other EGFR ligands, EGF, ␤-cellulin, epiregulin, and epigen, were not detected. We demonstrated previously that transforming growth factor-␣ does not mediate cholinergic agonistinduced H508 cell proliferation (9) . To determine whether AR plays a role in ACh-induced H508 cell proliferation, we examined the actions of recombinant human AR (rAR) and neutralizing anti-human AR antibody on H508 cell proliferation (see MATERIALS AND METHODS). As shown in Fig. 3B , 10 ng/ml rAR stimulated a twofold increase in H508 cell proliferation in 5 days, an action that was completely abolished by neutralizing anti-AR antibody. In contrast to the effects of anti-HBEGF antibody (Fig. 1B) , ACh-induced H508 cell proliferation was not altered by neutralizing anti-AR antibody. Collectively, these results indicate that although several EGFR ligands are expressed, ACh-induced H508 cell proliferation is mediated exclusively by HBEGF. The function, if any, of AR in H508 cells remains to be determined.
ACh enhances anchorage-independent growth of colon cancer cells. Anchorage-independent growth is a hallmark of malignant cell transformation (30) . It requires fewer extracellular growth factors and is independent of cell-cell interaction (30) . Hence, measurement of anchorage-independent growth is considered an accurate and stringent test for uncontrolled cell proliferation (18, 20, 39) . To determine whether ACh promotes anchorage-independent growth of H508 colon cancer cells, we used a soft agar assay (see MATERIALS AND METHODS). After 7 days of incubation, ACh (300 M) stimulated a Ͼ3.5-fold increase in the number of H508 cell colonies formed in agarose (Fig. 4, A and B) . ACh-enhanced colony formation was blocked by atropine and by neutralizing anti-MMP7 and anti-EGFR antibodies, thereby confirming that, similar to AChinduced cell proliferation, anchorage-independent H508 cell growth is mediated by activation of muscarinic receptors, MMP7, and EGFR (Fig. 4B) . These findings indicate that, as predicted from the many actions of EGFR activation that result in tumor progression (12, 21) , downstream effects of muscarinic receptor activation also result in multiple proneoplastic actions.
Effect of ACh on MMP7 gene transcription and MMP7 protein expression. Having shown that M 3 R-induced transactivation of EGFR and cell proliferation are mediated by MMP7 activation, we considered the possibility that cholinergic ligand-induced M 3 R activation alters MMP7 gene expression. The MMP7 gene promoter region contains transcriptional reg- ulation sites that are potential targets of transcription factors activated downstream of ERK (e.g., activator protein-1). To determine whether MMP7 gene expression is altered by M 3 Rmediated transactivation of EGFR, we performed Q-PCR (primers shown in Table 1 ). As depicted in Fig. 5 , A and B, ACh induced a striking time-and dose-dependent increase in MMP7 mRNA levels. Induction of MMP7 mRNA was robust (ϳ50-fold) but transient, peaking at 4 -6 h and returning to baseline levels by 24 h (Fig. 5A ). As shown in Fig. 5B , 1 M ACh caused a 15-fold increase in MMP7 mRNA levels, whereas 100 -300 M ACh caused a maximal, ϳ50-fold, increase in MMP7 gene transcription. The dose response for ACh-stimulated MMP7 gene induction was similar to that for stimulation of H508 cell proliferation (cf. Figs. 1A and 5B). Nonetheless, because the increase in MMP7 gene transcription was maximal with 100 M ACh, we used that concentration in the experiments described below.
To confirm that ACh-stimulated increases in MMP mRNA were primarily a consequence of increased transcription, and not reduced degradation of the transcript, we used actinomycin D (1 g/ml)-induced inhibition of mRNA synthesis to determine whether ACh altered the half-life of MMP7 mRNA (see MATERIALS AND METHODS). As shown in Fig. 5C , in H508 cells the half-life of MMP7 mRNA was ϳ16 h in the absence of ACh and increased to ϳ26 h with ACh. Although ACh increases the half-life of MMP7 mRNA by ϳ10 h, it is apparent from these data that the 50-fold induction of MMP7 mRNA levels by ACh at 4 -6 h occurs predominantly as a consequence of increased gene transcription and cannot be explained by the relatively minor change in MMP7 mRNA degradation.
To confirm that MMP7 transcriptional induction results in increased translation, we used ELISA to measure MMP7 protein levels in H508 cell extracts and culture media. In unstimulated H508 cells, the basal level of cellular MMP7 was 0.37 Ϯ 0.07 ng/mg protein. The data shown in Fig. 5D illustrate increases in MMP7 protein above basal levels after addition of 100 M ACh. Increased MMP7 protein expression was first detected at 4 h (0.03 Ϯ 0.01 ng/mg protein above basal), peaked at 16 h (0.49 Ϯ 0.04 ng/mg protein above basal), and remained elevated at 24 h (0.49 Ϯ 0.01 ng/mg protein above basal). We also measured MMP7 protein levels in cell culture media. In media from unstimulated H508 cells, MMP7 was below the limits of detection (0.02 ng/ml). After addition of 100 M ACh, increased MMP7 protein released into the cell culture media was first detected at 2 h (1.54 Ϯ 0.06 ng/ml), peaked at 8 h (2.78 Ϯ 0.09 ng/ml), and remained elevated at 24 h (2.23 Ϯ 0.25 ng/ml). This temporal pattern for the increase in MMP7 protein production and release into the media is consistent with a delay between mRNA synthesis and translation.
ACh-induced MMP7 gene transcription requires expression of muscarinic receptors. We compared effects of ACh on H508 colon cancer cells that express both M 3 R and EGFR with effects on SNU-C4 cells that express EGFR but not muscarinic receptors (15) . As shown in Fig. 5E , whereas ACh stimulated a robust, ϳ50-fold, increase in the level of MMP7 mRNA in H508 cells, there was a negligible response in SNU-C4 cells. In contrast, HBEGF stimulated a robust increase in MMP7 mRNA levels in both cell lines (Fig. 5E ). These findings confirm that muscarinic receptor expression is required for ACh-induced MMP7 gene transcription. Moreover, as observed for cell proliferation (Fig. 1C) , HBEGF mimicked the actions of ACh on MMP7 gene induction (Fig. 5E) . 
ACh-induced MMP7 gene transcription is mediated by transactivation of EGFR and post-EGFR ERK signaling.
We used chemical inhibitors and neutralizing antibodies to determine whether the mechanism underlying ACh-induced MMP7 gene induction was similar to that for ACh-induced cell proliferation (i.e., mediated by activation of M 3 R and EGFR and by post-EGFR signaling). As shown in Fig. 6A , ACh-induced MMP7 transcriptional upregulation was abolished by atropine, anti-EGFR antibody, and two EGFR activation inhibitors, PD168393 and AG1478. These findings confirm that, as observed for ACh-induced cell proliferation, ACh-induced transcriptional activation of MMP7 requires transactivation of EGFR.
Post-EGFR signaling occurs primarily by activation of two post-receptor signaling cascades, ERK and phosphatidylinositol 3Ј-kinase (PI3K/AKT). To determine which of these pathways is required for ACh-induced MMP7 transcriptional induction, we examined the actions of ERK and PI3K inhibitors. As shown in Fig. 6A , inhibitors of MEK (PD98059 and U0126), the kinase immediately upstream of ERK activation, completely abolished MMP7 gene induction, whereas neither a PI3K inhibitor (LY294002) nor an NF-B inhibitor (SN50) altered MMP7 gene induction. These results indicate that ACh-induced MMP7 transcriptional upregulation is mediated exclusively by post-EGFR ERK signaling.
ACh induces transcriptional upregulation of MMP1, MMP7, and MMP10. Motivated by these intriguing results, we performed a systematic analysis of MMP gene expression in H508 cells (see Table 1 for primers). As shown in Fig. 6B, MMP2 , MMP3, MMP12, and MMP13 are not expressed in H508 cells. MMP8, MMP9, MMP14, MMP19, MMP21, MMP26, and MMP28 are expressed, but levels are not altered by treatment with ACh. Nonetheless, in addition to MMP7, ACh caused robust timeand dose-dependent transcriptional upregulation of MMP1 and MMP10 (ϳ50-fold induction at 4 -6 h; not shown). Compared with induction of MMP7, ACh-induced expression of MMP1 and MMP10 had similar dose responses and kinetics (i.e., peak induction of mRNA levels at 4 -6 h with a return to baseline levels by 24 h; not shown). Moreover, in experiments using actinomycin D (1 g/ml) to inhibit mRNA synthesis in H508 cells (see MATERIALS AND METHODS), half-lives of MMP1 and MMP10 mRNA, ϳ24 and 18 h, respectively, were not altered by ACh (data not shown). The half-lives of MMP genes in H508 cells were comparable to those reported by others using different cell lines (3, 24, 33) . These findings indicate that, as observed with MMP7, induction of MMP1 and MMP10 mRNA levels by ACh at 4 -6 h is primarily a consequence of increased transcription, not reduced degradation of mRNA transcripts.
Finally, as observed with MMP7, ACh-induced transcriptional upregulation of MMP1 and MMP10 was abolished by atropine, anti-EGFR antibody, and two EGFR inhibitors, PD168393 and AG1478 ( Fig. 6C; data not shown) . These results indicate that, as observed with ACh-induced MMP7 gene transcription, ACh-induced transcriptional activation of MMP1 and MMP10 requires activation of M 3 R and EGFR/ ERK signaling. Moreover, as observed with MMP7, MEK inhibitors completely abolished MMP1 and MMP10 gene induction, whereas PI3K and NF-B inhibitors had no effect ( Fig. 6C; data not shown) . These results indicate that, as observed with MMP7, ACh-induced MMP1 and MMP10 transcriptional upregulation is mediated by post-EGFR ERK signaling. However, unlike MMP7 (Fig. 1C) , recombinant MMP1 and MMP10 do not stimulate colon cancer cell proliferation (5) (data for MMP10 not shown).
DISCUSSION
Proliferation of well-differentiated cancer cells is regulated by growth factors and their receptors. Hence, at early stages of neoplasia, it remains possible to attenuate tumor progression by treating cancer cells with inhibitors of growth factor receptor activation or post-receptor signaling. Our previous findings that muscarinic receptor expression and activation are critical for murine intestinal cell proliferation and neoplasia (27) and that production and release of ACh by human colon cancer cells result in autocrine stimulation of cell proliferation (8) highlight the importance of muscarinic ligands and receptors for colon neoplasia. Nonetheless, the mechanisms whereby muscarinic receptor activation stimulates colon cancer cell proliferation were largely undefined. Although activation of EGFR was clearly a necessary component of this mechanism (10), the mechanism underlying the M 3 R-EGFR interaction remained to be demonstrated. This mechanistic information is a prerequisite for developing targeted treatment strategies to arrest or reverse muscarinic receptor agonist-regulated intestinal neoplasia.
Collectively, the findings described in the present study provide strong evidence favoring a mechanism for ACh-induced colon cancer cell proliferation that involves MMP7-catalyzed release of HBEGF. Proliferative actions of ACh were blocked by inhibitors of MMP7 activation and HBEGF release. Addition of MMP7 or HBEGF to H508 cells mimicked the proliferative actions of ACh ( Fig. 1) (9) . In addition to stimulating cell proliferation (Fig. 1) , activation of muscarinic signaling increases the ability of H508 to form colonies in agarose (Fig. 4) . The ability of cells to proliferate independent of anchoring substrate is a requirement for successful tumor implantation (metastasis). As observed with ACh-induced cell proliferation, ACh-induced colony formation is dependent on activation of MMP7 and EGFR (Fig. 4B) .
Experiments with conditioned media from H508 cells treated with ACh provided additional evidence for the crucial role of released HBEGF. Whereas conditioned media stimulated robust proliferation of SNU-C4 colon cancer cells that do not express M 3 R, this action was blocked by addition of anti-HBEGF antibody, anti-EGFR antibody, and an EGFR activation inhibitor ( Fig. 2A) , and the effects of conditioned media were mimicked by treatment of SNU-C4 cells with HBEGF in untreated H508 media (Fig. 2B) . Our previous demonstration that pro-MMP7 and pro-HBEGF are colocalized on H508 cell plasma membranes (9), thereby facilitating MMP7-catalyzed shedding of HBEGF, lends further support to our conclusions. It is noteworthy that although HBEGF is pleiotropic with respect to receptors, including other members of the human EGFR (HER) family, our data using EGFRneutralizing antibodies (Fig. 2B ) strongly suggest that, in H508 cells, EGFR is the primary HER for HBEGF.
MMP7 has long been known to play a key role in colon neoplasia. MMP7 plays a critical role in the communication between GPCRs and EGFR (38) . In human colon cancer cells, MMP7 mediates transactivation of EGFR by releasing HBEGF, one of seven known EGFR ligands (9) . MMP7 is overexpressed in the majority of colon cancers (1, 2). Genetic 
ablation of MMP7 in the Apc
Min mouse model of intestinal neoplasia attenuates tumor formation (36) . Our findings provide a novel mechanism whereby MMP7 exerts proneoplastic effects by mediating cross talk between muscarinic and EGF receptors.
Besides identifying the mechanism whereby exposure of human colon cancer cells to cholinergic ligands results in activation of EGFR and post-receptor proliferative signaling (10) , unanticipated findings demonstrate that activation of the signaling mechanism underlying ACh-induced cell proliferation also stimulates a striking induction of MMP gene transcription. Treatment of H508 cells with ACh stimulated doseand time-dependent ϳ50-fold increases in MMP1, MMP7, and MMP10 mRNA levels. These actions were attenuated by pretreatment with atropine and by inhibitors of EGFR activation and ERK signaling (Fig. 6A) . ACh has little effect on degradation of MMP mRNA (Fig. 5C ), indicating that these effects result primarily from upregulated MMP gene transcription.
On the basis of the present findings, in Fig. 7 we propose a model delineating key steps leading from ACh interaction with M 3 R to MMP gene induction. Reversible interaction of ACh with M 3 R results in activation of MMP7. Activated MMP7 catalyzes cleavage of pro-HBEGF and release of the EGFR ligand HBEGF. As observed by others, post-EGFR signaling by the ERK pathway induces transcriptional activation of many genes that are associated with progression of colon neoplasia (c-MYC, COX2, cyclin D1, and many others) (11, 23, 28) . We discovered that this pathway results in robust transcriptional activation of MMP7 (Fig. 5) . It is proposed that this model of ACh-induced activation of post-M 3 R/EGFR ERK signaling constitutes a feed-forward mechanism whereby activated MMP7 can be replenished by the robust increase in MMP7 mRNA gene transcription and subsequent increase in MMP7 protein (Fig. 5) . Although the magnitude of ACh-induced upregulation of MMP1 and MMP10 gene transcription is similar to that of MMP7, we do not know what functional roles, if any, MMP1 or MMP10 plays in H508 colon cancer cells. MMP1 and MMP10 do not stimulate H508 cell proliferation (9; present study). Future studies, beyond the scope of the present work, will address the role of ACh-induced MMP1 and MMP10 gene induction in colon cancer.
Regarding in vivo activation of muscarinic receptor signaling in colon cancer, several potential sources of muscarinic agonists exist in the colon. ACh release by enteric neurons stimulates activation of intestinal ion channels, increases motility, and regulates other physiological processes (16, 31) . In a similar fashion, neuronal release of ACh may stimulate progression of neoplastic intestinal cells via activation of muscarinic receptors (10) . Recent provocative data from our laboratory indicate that nonneuronal ACh production by colon cancer cells provides an autocrine and/or paracrine growth factor (8) . Using high-performance liquid chromatography-electrochemical detection, we demonstrated that several colon cancer cell lines, including H508, release 3-7 M ACh into cell culture media; in this concentration range, ACh stimulates robust MMP7 gene induction (Fig. 5B) . In addition, choline acetyltransferase, a critical enzyme for ACh synthesis, was detected in human colon cancer cell lines and colon cancer surgical specimens. Such nonneuronal production of ACh, which may be common in neoplastic cells (32) , provides another source of this efficacious growth factor. In addition to ACh, bile acids, long reported to increase colon cancer risk, provide an additional pool of muscarinic receptor ligands. We previously demonstrated that bile acids are muscarinic receptor agonists that stimulate colon epithelial cell proliferation (5) (6) (7) 9) . We reported that "physiological" concentrations of conjugated secondary bile acids interact functionally with muscarinic receptors, particularly M 3 R (5, 7, 9, 19) . Hence, by the mechanisms delineated here, neuronal and nonneuronal ACh, acting in autocrine, paracrine, or neurocrine modes, and luminal bile acids can promote colon cancer cell proliferation and invasiveness. Our findings in a murine colon cancer model indicate that, regardless of the responsible muscarinic ligand(s), genetic ablation of muscarinic receptor expression attenuates intestinal neoplasia (27) .
Finally, our results may have promising clinical implications. ACh induction of MMP7 expression by EGFR-dependent ERK signaling can be blocked at several steps (Fig. 7) . As observed with other cancers, safe and successful treatment strategies are generally based on the specificity of growth factor receptor expression in colon tumors. Hence, in the majority of cancers that overexpress muscarinic receptors (37) , it is likely that blocking M 3 R activation or cross-communication with EGFR will attenuate neoplastic cell proliferation by blocking EGFR-dependent signaling and MMP7 gene induction. In contrast, in the minority of cancers that do not overexpress M 3 R, as shown with SNU-C4 cells (Figs. 2 and 5E ), this approach is unlikely to be effective. Instead, as shown in Fig. 2 with SNU-C4 cells, proliferation of cells that express , and MMP10 gene transcription. Agents that block this cascade include a muscarinic receptor inverse agonist (atropine), inhibitors of MMP7 activation (GM6001 and anti-MMP7), an inhibitor of pro-HBEGF cleavage (CRM197), inhibitors of EGFR activation (AG1478, PD168393, anti-HBEGF, and anti-EGFR antibodies), and inhibitors of MEK (U0126 and PD98059). As indicated by the large curved arrow, our findings provide evidence that we have identified a novel feed-forward mechanism regulated by muscarinic signaling whereby increased MMP7 gene transcription can replenish activated MMP7.
EGFR, but not muscarinic receptors, can be attenuated by inhibiting EGFR or signaling downstream of EGFR (e.g., MEK and ERK; Fig. 7 ). We anticipate that further unraveling the mechanisms underlying this novel proproliferative interaction between M 3 R activation and MMP7 gene induction will identify additional therapeutic targets.
